This paper presents a methodology for a systematic model-based analysis and the results obtained from it for an integrated design and analysis of reaction-separation systems with recycle. The methodology (systematic approach) consists of three stages where stage 1 identifies the limiting values of the design/operation variables; stage 2 identifies the goal/target values of a related set of design/operation variables and stage 3 verifies/validates the result of stages 1 and 2. The methodology decomposes the problem in such way that every stage generates information (data) and resolves a subset of design and operational issues. This information generation is cumulative so that at the last stage all-important (and relevant) data of the process becomes known while allimportant design and operation issues become resolved. Two reaction-separation systems have been chosen as preliminary case studies to illustrate the methodology. The first example considers a second-order reaction while the second example comprises a consecutive first-order reaction system.
Introduction
Processes with Reaction-Separation-Recycle (RSR) configuration are common in chemical industries and usually show high sensitivity to changes or disturbances in the design/operating variables. Some of the important causes for these behaviors are the nonlinearity of the process and kinetic models, the specified performance of the separation units and/or the amount of purge from the recycle streams (including mass or energy recycle).
The study of the behavior of RSR systems becomes relevant for an integrated design and (plantwide) control at the early stages of the conceptual design, so that not only the recycle structure of the flowsheet can be established but also the overall performance of the system can be assessed. On the other hand, for the design and control issues, it is important to find the most appropriate set of parameters and conditions, in order to identify the possible reasons for disturbances (sensitivity) so that the process can exhibit a better performance (Luyben, 1993; Luyben, 1994; Morud and Skogestad, 1996) . The first important step, however, is to identify a reliable process model.
The objective of this work is to present the systematic integrated design/analysis approach for Reactor-Separator-Recycle systems and highlight the application of the methodology through examples of RSR processes reported in the literature.
Methodology
The methodology consists of three stages (see Fig. 1a for methodology and Fig. 1b for process flowsheet). In the First stage of the approach we derive a simple model and analyze its solutions. Through this analysis some important characteristics of the process, for example, critical parameters and constraints (such as critical conversion, bifurcation points, etc.) can be identified. This is feasible since idealized models can be used to characterize the process design/operation in terms of representative parameters that lump the main variables of a process. For example, in reactor design, the kinetic rate constant, the reactor volume and the feed flowrate are grouped into the dimensionless parameter known as the Damköhler number (Da). Since this number is usually employed to evaluate the reactor performance, consequently, the analysis in this stage is able to guide the user in making design decisions through such lumped variables (parameters). Once an initial identification of a selected set of key process features has been made, it is possible to perform an analysis with more detailed (delumped) models. Thereby, in this Second stage, a more detailed and realistic analysis is possible and characteristics that could not be seen in the first stage (for example, feed flowrate) are now identified. The model development can be as complex and complete, depending on the available process knowledge and understanding. The results from this stage will typically be design/operational variables such as feed flowrates, reaction yield, reactor volume, etc., that is, variables that define process flowsheet and/or its operation.
Finally, as a Third model-based analysis stage process simulations with rigorous builtin models are used as a means of comparison and verification of the results (design decision) from the two previous stages.
Study cases
For this paper, we are highlighting the model-based approach through two well-known case studies. In this way we can confirm the results obtained previously as well as provide new insights.
Case Study 1
In this example, the second order reaction scheme A + B → C is considered. The reaction takes place in an isothermal continuous-stirred-tank reactor (CSTR), the separation section is modeled as a splitter unit and some of the unreacted raw materials (mainly) are recycled back to the reactor through a mixer and also the possibility for a purge is considered. The modeling basis is a steady-state operation. 
Figure 2 Results obtained from the Second-order reaction in CSTR-separatorrecycle. (a) Using Bildea's specifications, (b) Conversion of component A and recycle of B with respect to the feed ratio (Methodology's stage 2).
Stage 2 Note that the Da is now calculated as a function of the process conditions. As a consequence, instead of having an output multiplicity, an input multiplicity appears, where a single value of the recycle flow is obtained for three values of feed ratio (Fig.  3b) .
look for the two solutions (two values of conversion at a given value of Da) predicted by the simplified lumped model. The simulations, however, could only find one (higher conversion one) while the second (lower conversion) is only obtained by changing the feed flowrate specification of B (see Fig 2a) . This points to the risk of making design decisions with lumped parameters and that these need to be verified through delumped models. For this example, the Da is useful in identifying the operational limits, while the delumped variables are useful for defining the design/operation target(s). The presence of the "snow-ball effect" was also observed with the process simulator.
Case Study 2
Let us consider now the isothermal first-order consecutive reaction system Stage 1: In this case neither the recycle of B (β Y,S = 0) nor purge (λ = 0) are considered and component C is taken out of the system (γ P,S = 1). Again, as in the previous example, the system can be also characterized in terms of the Da (this time of first order) as design variable and the conversion of reactant A (see Eq. (5)). As in Case Study 1 the Da number is calculated from the design variables, being this time, mainly, the recoveries of components A and B and the inlet flowrate of A. Fig. 4 shows the effect of the recovery of B over the conversion of A and the yield of B as well as the recycle flowrate of B. Here it is important to remark that as β Y,S approaches 1, the presence of the "snow-ball effect" is observed. Thus, this recycle is not advantageous since the more B is recycled the yield of B decreases (p B ).
Stage 3: For the verification stage the simulations were again carried out in ICAS, confirming the results obtained from the two previous stages ('bullets' in Fig. 3 ). 
Conclusions
As the recycle stream couples the reaction and separation units the behavior of the system can be significantly different from that of the individual units (Pushpavanam and Kienle, 2001) . Moreover, some of the previous works (Bildea, et al., 2000; Pushpavanam and Kienle, 2001 ) have considered only the recycling of some of the reactants in a specific amount, but not variation of these. While these issues, obviously increases the complexity of modeling, through this three-stages model-based analysis of a process flowsheet it is possible to systematically identify the operational limits (through lumped variables) as well as conditions of operation (through delumped variables).
The results derived from the model-based analysis are useful not only to identify operational constraints and/or limiting conditions, but also to determine the appropriate control structure needed in order to maintain operational targets such as yields or conversion. This is feasible since according to the systematic model-based approach, the optimization variables in design are the manipulated variables in control while the state variables defining the condition of operation (in design) are the variables being controlled. Current and future work will highlight this aspect of the model-based analysis approach.
